We demonstrate the versatile broadband wavelength tunability of frequency upconverted multicolor cascaded fourwave-mixing (CFWM) signals spanning the continuous wavelength range from UV to near IR in a thin type-I BBO crystal using 35 fs, 800 nm fundamental and chirped IR supercontinuum white light pulses. Two sets of spatially dispersed CFWM laser sidebands are concomitantly generated from two incident pulses as well as their secondharmonic-generation and sum-frequency-generation pulses in a crossing geometry. Ultrabroad wavelength-tunable laser pulses with pulse duration less than 20 fs are extremely useful in investigating the ultrafast electronic and vibrational excited-state dynamics in photochemistry and photobiology. Broadband laser pulse generation through noncollinear optical parametric amplification (NOPA) has become an established method to obtain a tunable femtosecond pulse from the UV, visible, to near-IR ranges over the past decade [1] . Recently, tunable pulsed signals were achieved in various anisotropic and isotropic optical media via cascaded four-wave-mixing (CFWM) processes using two crossing laser beams [2] [3] [4] [5] [6] [7] , corresponding to a purely third-order nonlinear optical susceptibility χ 3 . The spatially dispersed multicolor array (UV to near IR) was generated [3, [7] [8] [9] . The wavelength can be tuned via changing the crossing angle between the two incident beams [3, [5] [6] [7] ; however, this angle-controlled approach is inconvenient to implement in a spectroscopy setup. Our previous work demonstrated the generation of multicolor femtosecond laser pulses in a 0.1 mm thick type-I BBO crystal using weak fundamental (800 nm) and precompressed (∼50 fs) IR supercontinuum white light (IR-SCWL) laser pulses [10] . Owing to the nonlinear optical properties of BBO, two CFWM processes occur concomitantly at the sum-frequency-generation (SFG) phasematching condition (PMC): CFWM signals from the interacting fundamental and SCWL pulses, and SFG-induced CFWM (SFG-CFWM) signals arising from the frequencydoubled-fundamental (FDF) pulse interacting with the SFG pulse. SFG-CFWM thus represents the new effective χ 2 -induced cascading χ 3 -FWM interaction.
Ultrabroad wavelength-tunable laser pulses with pulse duration less than 20 fs are extremely useful in investigating the ultrafast electronic and vibrational excited-state dynamics in photochemistry and photobiology. Broadband laser pulse generation through noncollinear optical parametric amplification (NOPA) has become an established method to obtain a tunable femtosecond pulse from the UV, visible, to near-IR ranges over the past decade [1] . Recently, tunable pulsed signals were achieved in various anisotropic and isotropic optical media via cascaded four-wave-mixing (CFWM) processes using two crossing laser beams [2] [3] [4] [5] [6] [7] , corresponding to a purely third-order nonlinear optical susceptibility χ 3 . The spatially dispersed multicolor array (UV to near IR) was generated [3, [7] [8] [9] . The wavelength can be tuned via changing the crossing angle between the two incident beams [3, [5] [6] [7] ; however, this angle-controlled approach is inconvenient to implement in a spectroscopy setup. Our previous work demonstrated the generation of multicolor femtosecond laser pulses in a 0.1 mm thick type-I BBO crystal using weak fundamental (800 nm) and precompressed (∼50 fs) IR supercontinuum white light (IR-SCWL) laser pulses [10] . Owing to the nonlinear optical properties of BBO, two CFWM processes occur concomitantly at the sum-frequency-generation (SFG) phasematching condition (PMC): CFWM signals from the interacting fundamental and SCWL pulses, and SFG-induced CFWM (SFG-CFWM) signals arising from the frequencydoubled-fundamental (FDF) pulse interacting with the SFG pulse. SFG-CFWM thus represents the new effective χ 2 -induced cascading χ 3 -FWM interaction.
In this Letter, we demonstrate convenient generation of much more flexible tunable laser pulses via CFWM with two near-IR laser pulses in a thin type-I BBO crystal at specific PMCs [ Fig. 1] . A broadband upconverted multicolor array (BUMA) from 350 to 800 nm is achieved in separate CFWM and SFG-CFWM. The competition between these two cascaded processes is observed by rotating the BBO crystal and/or changing the time delay between the two incident crossing laser beams. For each CFWM signal, broad and continuous wavelength-tunable spectra (∼200 nm variability) can also be achieved by finely adjusting the time delay. This new NOPA-like wavelength-tuning setup is readily applicable for multicolor ultrafast molecular spectroscopy, such as femtosecond stimulated Raman [11] and seeding for optical parametric amplification.
Cascaded BUMA signals are generated from a femtosecond laser system consisting of a mode-locked Ti:sapphire oscillator and regenerative amplifier (Legend Elite-USP, Coherent), which provides a 35 fs, 800 nm pulse at 1 kHz repetition rate. A portion of the fundamental laser with ∼50 μJ∕pulse energy goes through a beam splitter, and the output (∼10 μJ∕pulse) is focused on a 2 mm thick Z-cut single-crystal sapphire plate to generate SCWL followed by collimation. The IR part of the positively chirped broad SCWL pulse (ca. 810-950 nm) is selected and has weak energy (∼100 nJ∕pulse). The other reflected arm (800 nm fundamental, ∼40 μJ∕pulse) is used as the pump beam passing through a motorized translation stage, and is attenuated by an iris and a variable neutral-density filter. The pump energy is tuned between 3 and 15 μJ∕pulse. The two beams are both p polarized and loosely focused onto a 0.1 mm thick BBO crystal (type I, θ 27.8°). The polarization effect of the incident pulses will be presented in another publication. The beam diameters of both lasers on the BBO surface are ∼0.3 mm, and the angle between the two beams is ∼6°t o ensure good spatial separation of the sideband signals. The spectra of different orders of sidebands are measured by an Ocean Optics spectrometer via an optical fiber. The time dependence of each sideband is measured using lock-in amplifier techniques with a motorized delay stage.
When the two laser beams are temporally and spatially overlapped with the BBO crystal rotated to the secondharmonic-generation (SHG) PMC (PMC 1), as previously reported by us [10] , two sets of bright cascaded sidebands emerge. The dominant sideband signals are generated by SFG-CFWM (center wavelength from 350 to 500 nm) on both sides of the FDF beam, due to the simultaneous occurrence of SHG and SFG processes [ Fig. 1(a) ,
The second set of sidebands (700-1000 nm) "hiding" beneath the SFG-CFWM signals arise from weak CFWM processes between the fundamental and IR-SCWL pulses at PMC 1 (spectra not shown). The SFG-CFWM signal spectra in Fig. 2 (a) are collected with the fundamental pulse (FP) energy of ∼7 μJ∕pulse. Higher-order SFG-CFWM signals are also observed below 350 nm (reported spectra only show the wavelength >350 nm due to the detection limit of our spectrometer). However, at PMC 1, the cascaded signals within 500 to 700 nm are rather difficult to be efficiently generated and separated out from the dominant SFG-CFWM signals shown in Fig. 1(a) .
As we rotate the BBO crystal [ Fig. 1(d) ] to ∼90°(now at PMC 2) from PMC 1, a new set of multicolor sidebands emerges. The best resolved signals are observed when the FP is tuned ∼40 fs ahead of the time zero found for maximal SFG-CFWM signal generation at PMC 1 [ Fig. 1(a) ]. Figure 1(b) shows the new BUMA at PMC 2; when the incident beam-crossing angle is reduced, the sidebands coalesce in space and frequency. The energy conversion efficiency of the sidebands combined is ∼5%, measured from the energy loss of the FP when it spatially and temporally overlaps with the IR-SCWL pulse. This low efficiency is due to the thinness of BBO crystal (0.1 mm) and the relatively large crossing angle (6°). Some BUMA parametric amplification by the FP is also indicated [7] . For illustration, the cascaded signals on the right side of the FP in Fig. 1(b) are named as S i (i 1-8) , while the signals on the left are S −i (i 1-5). In contrast with other reported CFWM signals in BBO [6] or bulk transparent media [3, 7] , our newly generated cascaded signals are discontinuous and separated by the FP in the center. The S i signals [ Fig. 2(b) ] are tunable from UV to near IR (350-800 nm). The S −i signals [ Fig. 2(c) ] primarily span the UV/visible range (400-550 nm). To prove that S i sidebands arise from χ 3 -CFWM of the directly interacting FP and SCWL pulse, we use a 0.15 mm thick borosilicate (BK7) glass plate to substitute the 0.1 mm thick BBO crystal, and observe the S i signals at the same experimental condition [ Fig. 1(c) ]. However, the S −i sidebands are absent in glass, due to its isotropic nature. It is also notable that the polarization of S −i is perpendicular to that of S i sidebands. Therefore, S −i is attributed to the χ 2 -induced SFG'-CFWM at PMC 2 via the interaction between the SFG (S −1 ) and FDF pulses. We collect the S −1 spectra by rotating the BBO crystal and finely adjusting the time delay between two incident laser pulses. The S −1 center wavelength is tuned from ∼408 nm (PMC 1) to ∼420 nm (PMC 2) due to the varying PMC efficiency for SFG between the FP and different wavelength components of the chirped broad IR-SCWL pulse.
Furthermore, broadband tunability of S i sidebands can be achieved at PMC 2 through varying the time delay between the FP and the SCWL pulse. Their cross correlation at PMC 1 yields SCWL pulse duration of ∼80 fs. At PMC 2, the integrated intensity envelope of S 1 shows similar temporal profile of the SCWL cross-correlation signal with their peak maxima ∼40 fs apart [ Fig. 3 ]. The S 1 can be continuously tuned (ca. 600-780 nm) within ∼150 fs. The bandwidth of S 1 signals at any given moment is between 1000 and 1500 cm −1 , corresponding to a pulse duration of 10-15 fs transform-limited. The higher-order S i signals (i ≥ 2) exhibit an even broader wavelength tunability of ∼200 nm. The power stability of the sideband signals is measured to be <1.2% over a typical time period of 30 to 60 min.
Based on the aforementioned experimental results, the entire observed cascaded sidebands from UV to near IR can be attributed to two concurrent cascaded χ 3 -FWM processes. The spectral variation with the BBO crystal rotation suggests the competition between CFWM and SFG-CFWM processes at different PMCs. At PMC 1, the SFG-CFWM sidebands (350-500 nm) are observed due to most of the FP energy being borrowed for SHG [10] . At PMC 2, colorful sidebands S i (primarily in the visible) are observed due to the dominant CFWM interaction between the FP and the specific spectral components of the chirped IR-SCWL pulse. In these CFWM processes, wavevectors generally obey the PMCs k Um m 1k 1 − mk 2 and k Dm m 1k 2 − mk 1 , where k Um and k Dm are wavevectors of the up-and downconverted signals, respectively. m is the beam order of the sideband signal. k 1 and k 2 are the fundamental and SCWL pulses in CFWM, or the FDF and SFG pulses in SFG-CFWM processes. Given the noncollinear incident geometry of the two laser beams [3, 10, 12] , the crossing angle θ-dependent PMC is given by cos θ Figure 4 shows the experimental and calculated spectra of the observed sidebands using Eq. (1). At PMC 1, the strong continuous SFG-CFWM signals (blue filled stars) are calculated (red filled circles underneath) from the FDF pulse interacting with the SFG pulse with a crossing angle of 3°. At PMC 2, the dominant sidebands arise from two distinctive cascaded processes. The S −i signals (400-550 nm) are derived from the frequency downconverted SFG'-CFWM process, with the prime emphasizing the now different center wavelength of the SFG beam (S −1 ) at 420 nm (versus 408 nm for SFG-CFWM in PMC 1). However, the S i signals (350-800 nm) on the opposite side of the FDF pulse are from the BUMA CFWM. The theory well reproduces all the experimental data. In addition, three navy dashed lines on the S i (i 1-3) signals manifest the individual broad tunable range achievable by simply varying the time delay between the two incident pulses.
In summary, we report the convenient generation of tunable CFWM sidebands in one 0.1 mm thick type-I BBO crystal using two near-IR fs laser pulses. The broad continuous spectral tunability (350-800 nm) is spatially achieved through rotating the BBO crystal as well as temporally driven by finely tuning the time delay between the two incident pulses. Such BUMA signals generated in a simple and versatile setup like ours (i.e., one thin BBO, two near-IR pulses) are highly suitable as probe beams in multicolor time-resolved spectroscopy or seed pulses for parametric amplification. Moreover, the energy increase of FP to ∼10 μJ∕pulse yields periodic two-dimensional (2D) BUMA signals on the FP side (results not shown) due to quadratic-spatial-soliton-induced 2D cascaded processes [13] , which will be presented in a separate publication.
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